Background/purpose: Root resorption is an important problem in orthodontic treatment. Basically, the root resorption is evaluated by using two-dimensional images (e.g., periapical films, panoramic films, and cephalometric films). However, the use of such images sometimes underestimates the root resorption due to incorrect projection and magnification. The purpose of this study was to evaluate the correlations between root resorption and the amount of tooth movement during orthodontic treatment using cone-beam computed tomography (CBCT). Materials and methods: We used CBCT to measure the root resorption and amount of tooth movement around six teeth (bilateral maxillary central incisors, lateral incisors, and canines) in eight patients, before orthodontic treatment and after 7 months of treatment. We then calculated the correlation between root resorption and the amount of tooth movement. Results: The root resorption was largest in the lateral incisors (0.39 AE 0.32 and 0.48 AE 0.19 mm in the right and left maxillary lateral incisors, respectively), followed by the central incisors (0.25 AE 0.16 and 0.32 AE 0.34 mm in the right and left maxillary central incisors), and then the canines (0.18 AE 0.19 and 0.19 AE 0.14 mm in the right and left maxillary canines). The average Pearson's correlation coefficient for the association between root resorption and the amount of tooth movement was e0.48. Conclusion: Results show that larger tooth movement after orthodontic treatment may be associated with increased severity of root resorption. This study has demonstrated that CBCT is a useful approach for evaluating apical root resorption after orthodontic treatment.
Introduction
Root resorption is an important problem in orthodontics. Root resorption can be classified into two types: rootsurface resorption and root canal resorption. In general, the root resorption that occurs after orthodontic treatment is of the root-surface or transient-inflammatory type. 1 Basically, minor root resorption can be repaired with secondary cementum once orthodontic movement ceases. However, when the root resorption is sufficiently severe to exceed the reparative capacity of the root, the island of cementum may separate from the root surface to result in irreversible root resorption. 2 Permanent root resorption mostly occurs in the apical part of the root. 2, 3 Two methods are commonly used to evaluate root resorption: histological analysis and radiographic examination. Histologic studies have found a high incidence of root resorption caused by orthodontic treatment 1 ; this approach allows precise observations with high sensitivity of the range of root resorption. 4 However, histologic analysis is usually only applied in animal studies 4, 5 or to extracted premolars 6, 7 due to the necessity of examining the observed teeth in vitro. Radiographic examinations have found greater variability in the prevalence of root resorption induced by orthodontic treatment, due to the application of different research methods. 1 Radiographic examination includes the use of periapical films, 8 panoramic films, 9 cephalometric films, 10 computed tomography (CT), 11 micro-CT, 12 and cone-beam CT (CBCT). 13 One of the advantages of using twodimensional (2D) images (e.g., periapical films, panoramic films, cephalometric films) is their low radiation levels and ease of acquisition by dental clinics. However, the use of such images sometimes underestimates the extent of root resorption on account of incorrect projection and magnification. Moreover, areas of root resorption on the buccal and lingual sides cannot be observed with 2D images. 6, 14, 15 By contrast, three-dimensional (3D) images obtained by high-resolution micro-CT allow root resorption to be accurately observed and measured. 12 However, the small field of view restricts the usefulness of 3D images in clinical evaluations. While some researchers 11, 15 have proposed CT as a useful approach for evaluating external root resorption, this is not an acceptable way to monitor root resorption over the course of orthodontic treatment, due to its high radiation dosage, especially given that several CT scans typically need to be performed over several months. Recently, Liedke et al 13 demonstrated that the high spatial resolution of CBCT makes it an effective approach for evaluating external root resorption.
While severe root resorption occurs during orthodontic treatment, other problems such as poor crown-to-root ratio and periodontal bone stress concentration can also occur. The objective of this study was to use CBCT to identify possible correlation between the extent of root resorption and the amount of tooth movement after orthodontic treatment.
Materials and methods

Patient selection and CBCT scan setup
Eight patients (ages from 20 to 25 years, three women and five men) were selected for this study. The beam-hardening effect was reduced by excluding patients with any metal structures (crowns, bridges, and implants). We used a stainless steel bracket (Micro-arch, Roth type, Tomy International, Tokyo, Japan) and improved superelastic NiTi-alloy archwire (LH wire, Tomy International). All the patients received nonextraction orthodontic treatment. The CBCT images were obtained before and after 7 months of orthodontic treatment using the i-CAT machine (Imaging Sciences International, Hatfield, PA, USA). Before CBCT scanning, the patient was placed in a seated position with head upright, positioned so that the intersection lines were straight horizontal and vertical through the center of the region of interest ( Fig. 1 ). All CBCT images were taken with the following parameters: 47 mA, 120 kVp, 250 mm voxel resolution, and 16-cm field of view. The research protocol for this study was approved by the institutional research board of China Medical University and Medical Center.
Measurement of apical root resorption
Prior to measuring the tooth movement and root resorption, the coordinates of CBCT images obtained before and after orthodontic treatment have to be consistent. To construct a 3D computer model, we imported the CBCT images obtained for each patient before and after orthodontic treatment into medical imaging software (Mimics 10.0, Materialise, Leuven, Belgium). The 3D models for each patient before and after orthodontic treatment were resliced to obtain new CBCT slices of the head in the same head position using the "reslice" function in Mimics. To achieve this we manually identified and registered four landmark points on the skull (anterior nasal spine, posterior nasal spine, left pterygoid hamulus, and right pterygoid hamulus) using Cartesian coordinates in Mimics. The point of the anterior nasal spine was set as the origin in the Cartesian coordinate system. The anterior-posterior, middle-right, and inferior-superior directions were set as the x, y, and z axes. Adjacent new resliced images were separated by 250 mm.
The six teeth in the anterior region of the maxilla (right and left canine, right and left lateral incisor, and right and left central incisor) were selected as target teeth for this study. In each 3D model for before and after orthodontic treatment, we measured the coordinate system of the points of the apex tip [apex tip before orthodontic treatment (BAT) and true apex tip after orthodontic treatment (ATAT)] and crown tip [crown tip before orthodontic treatment (BCT) and crown tip after orthodontic treatment (ACT)] of the six target teeth using Mimics. The length of each target tooth could then be calculated.
Measuring tooth movement
Prior to measuring the tooth movement during orthodontic treatment, the connection between the process of tooth movement and root resorption should be considered. The position of the apex can be influenced not only by root movement but also by root resorption. Referring to a study by Baumrind et al, 16 correcting this problem and determining the "pure" root movement (i.e., that not combined with root resorption) requires first calculating the original root length on the pretreatment CBCT images. First, we calculated the original tooth length (distance between BCT and BAT) before orthodontic treatment. In the CBCT images after orthodontic treatment, the virtual apex tip after orthodontic treatment (AVAT) was then obtained by extending the straight line passing through the ATAT and ACT. Finally, tooth movement could be calculated from the distance between the BAT and AVAT (Fig. 2 ).
Statistical analysis
Before analyzing root resorption during orthodontic treatment, the accuracy of the instrumentation and measurements were validated. Statistical analyses were used to assess the reliability of intraexaminer and interexaminer measurements. Interexaminer error was determined by each of two examiners measuring root resorption in a certain tooth oncedthe intraclass correlation coefficient (ICC) and P value of repeated-measures analysis of variance (ANOVA) tests were 0.991 and 0.782, respectively. Intraexaminer error was determined by a single examiner measuring the root resorption in a certain tooth five timesdthe ICC and P value of repeated-measures ANOVA tests were 0.977 and 0.681, respectively. These ICC and P values indicate that intraexaminer and interexaminer error of this method could be disregarded in the present study.
We analyzed root resorption and tooth movement after seven months of orthodontic treatment using the Wilcoxon signed-rank test. In addition, root resorption and tooth movement were analyzed in different teeth using the Kruskal-Wallis test. We used Pearson's coefficient to evaluate the correlation between root resorption and the amount of tooth movement. Correlation coefficients of 0 < R < 0.4 were deemed to indicate a weak correlation, 0.4 R 0.7 indicated a moderate correlation, and 0.7 < R < 1 indicated a high correlation. All statistical analyses were performed using the SAS statistical package (SAS Institute, Cary, NC, USA).
Results
In all eight patients, the root resorption and tooth movement in the anterior maxilla region reduced by 0.30 AE 0.25 (mean AE standard deviation); range 0.01e1.08 and 0.27e2.83 mm over 7 months of orthodontic treatment ( Table 1 ). The mean reduction in root resorption was greatest in both lateral incisors: by 0.48 and 0.39 mm in the upper-right and upper-left lateral incisors, respectively (Table 1) , followed by the upper-right and upper-left central incisors (0.32 and 0.25 mm), and then the upperright and upper-left canine teeth (0.19 and 0.18 mm) ( Table 1 ). Mean tooth movement was greatest in both lateral incisors: 1.70 and 1.78 mm in the upper-right and upper-left lateral incisors, respectively (Table 1) .
Strong negative correlations between root resorption and tooth movement after 7 months of orthodontic treatment were found in two participants (Patients 4 and 5), a moderate negative correlation was found in two other participants (Patients 1 and 8), weak negative correlations were found in three participants (Patients 3, 6, and 7), and a weakly positive correlation was found in one participant (Patient 2; Fig. 3 ). The results indicated that more severe root resorption was associated with larger tooth movement in most participants.
Discussion
Root resorption may occur in a variety of situations such as dental trauma, apical infection, and ectopic eruption, and is most common in the presence of orthodontic tooth movement. Severe root resorption after orthodontic treatment can affect the outcome of orthodontic therapy. Some studies have used radiographic examination to investigate the amount of root resorption and tooth movement after orthodontic treatment. However, some of these may have underestimated root resorption due to limitations of the traditional 2D imaging approach. This study has pioneered the use of a CBCT approach to evaluate the correlation between the amount of tooth movement and root resorption after orthodontic treatment.
Histologic examination allows highly sensitive detection of changes in surface tissues of the root and accurate observations of the amount of root resorption. Some researchers have previously evaluated root resorption using histologic examination in animal experiments 5 and in human partcipants, 6 but this could only be performed in removed teeth, usually the premolars. The 3D CBCT approach is associated with smaller magnification and projection errors than measurements based on traditional 2D radiographic images. Estrela et al 17 indicated that CBCT images provide better sensitivity and accuracy than periapical and panoramic films for detecting apical periodontitis. Liedke et al 13 assessed the effect of CBCT resolution on the accuracy of root resorption measurements and demonstrated that the CBCT approach was a reliable tool for assessing root resorption if the voxel resolution of CBCT was better than 300 mm. 13 We therefore selected CBCT as the method to measure root resorption after orthodontic treatment.
The patients included in this study were between 20 and 25 years of age, making them much older than the threshold of 11.5 years old for root growth in external apical root resorption caused by orthodontic treatment. 18 In addition, some research 6, 19 has found no significant correlation between gender and root resorption, and hence the data from the five males and three females included in our study could be pooled for statistical analysis. Blake et al 20 measured root resorption after orthodontic treatment in 63 patients, and found that the amount of root resorption was greater for maxillary incisors than for mandibular incisors. Sameshima and Sinclair 19 reported that root resorption mostly occurred in the anterior teeth rather than in the posterior teeth of the maxilla in 868 orthodontic patients. Based on these previous studies, 19, 20 we selected the anterior teeth of the maxilla of eight patients (five men and three women, ages 20e25 years) as the target teeth in this study. In addition, some studies 8, 16 have shown that the severity of root resorption increases with the duration of orthodontic treatment. Therefore, the eight patients in the present study were all treated for the same period of time (7 months) to minimize variability.
Artun et al 21 used digitally reconstructed periapical films to evaluate the root resorption of four maxillary incisors in 247 patients who had received orthodontic treatment for 12 months. They reported that the root resorption in the left and right lateral incisors were 0.78 AE 0.92 and 0.94 AE 1.00 mm, respectively; greater than that in the left and right central incisors (0.66 AE 0.81 and 0.72 AE 0.79 mm). Mohandesan et al 22 also reported that root resorption was greater in the maxillary lateral incisor (0.88 AE 0.51 mm) than in the central incisor (0.77 AE 0.42 mm). The results of our study (Table 1 ) essentially confirm these previous findings 21, 22 that there is less root resorption in the left center incisor (0.32 AE 0.34 mm) and the right center incisor (0.25 AE 0.16 mm) than in the left lateral incisor (0.48 AE 0.19 mm) and right lateral incisor (0.39 AE 0.32 mm). However, the absolute amount of root resorption in this study was much less than in previous studies. 21, 22 This discrepancy may be due to differences between individual patients, differing duration of orthodontic treatment or orthodontic treatment procedures (extraction versus nonextraction), as well as measurement methods (3D CBCT images versus apical 2D digital images). Another possible reason is our study's use of the improved superelastic NiTialloy archwire, which can deliver a more-continuous gentle force and decrease the stress hysteresis, 23 thereby reducing the amount of root resorption.
Baumrind et al 16 studied the correlation between root resorption (measured from periapical X-ray films) and tooth movement (measured from lateral cephalograms). Prior to measuring the tooth movement, those authors revised the tip position of the apex in the cephalograms after orthodontic treatment, based on the length of the teeth before orthodontic treatment, and then used a superimposition approach (with cephalograms obtained before and after orthodontic treatment) to measure the amount of tooth movement. That study found that the mean apical resorption, mean horizontal displacement of the apex, and mean vertical displacement of the apex were 1.36, e0.83, and 0.19 mm, respectively. They found a highly significant relationship between tooth movement in the retraction direction and the amount of root resorption, but found no statistically significant relationships between root resorption and other directional variables of intrusion, extrusion, and advancement. Following the method used by Baumrind et al 16 , we also revised the root length after orthodontic treatment to measure the "pure" root movement. CBCT images can provide 3D information on tooth movement, including both the amount and orientation of the movement, which can minimize errors caused by incorrect projection and magnification. In addition, the availability of 3D data provides information on all teeth, and not only on the movement of the center incisor as obtained by lateral cephalograms.
Pearson's correlation coefficient between root movement and root resorption was high in two human subjects, moderate in two subjects, and weak in another three subjects in this study. These results suggest that larger tooth movement after orthodontic treatment induces more-severe root resorption. This finding confirms that of Mirabella and Artun, 24 who found that larger root movement increased the risk of the apical root resorption in 343 adults using periapical radiographs and cephalograms.
Some limitations of this study should be considered. First, only eight patients were included in this study, which was due to CBCT examination not being an essential procedure during orthodontic treatment. Further experiments should Unit of root resorption and tooth movement: mm. Figure 3 Scatter plots illustrating the correlation between tooth movement and root resorption.
include more human subjects in order to confirm the obtained results. In addition, future studies should consider the effects of gender and age on the relation between root resorption and tooth movement after orthodontic treatment. Second, only apical root length resorption was measured, whereas root resorption over the lateral surface might also have occurred in the patients. Third, only the teeth in the anterior region of the maxilla were evaluated, on account of their movements being larger. Therefore, more complete experiments are needed to fully understand root resorption after orthodontic treatment.
In conclusion, we found that the average root resorption was largest in lateral incisors (0.39 AE 0.32 and 0.48 AE 0.19 mm in the right and left maxillary lateral incisors, respectively), followed by the central incisors (0.25 AE 0.16 and 0.32 AE 0.34 mm in the right and left maxillary central incisors) and then the canines (0.18 AE 0.19 and 0.19 AE 0.14 mm in the right and left maxillary canines) after 7 months of orthodontic treatment. In addition, the severity of root resorption after orthodontic treatment varies with the amount of tooth movement. Larger movement of the teeth during the treatment increases the severity of the observed root resorption.
